kidney fibrosis; chronic kidney disease; fibrinogen; Ancrod; transforming growth factor-␤1 CHRONIC KIDNEY DISEASE (CKD) can be triggered by many pathological conditions that injure renal structures (glomerular, tubulointerstitial, or renovascular) and develops silently. Regardless of the initial cause, common CKD renal histological findings are generalized fibrosis and glomerulosclerosis (42) . Fibrosis is characterized by aberrantly excessive deposition of extracellular matrix (ECM) materials like collagen and fibronectin by activated myofibroblasts (23) . This leads to scar tissue formation, gradually replacing normal parenchymal tissue, and can progress to a loss of function and end-stage renal disease (47, 63) .
A prominent coagulation factor, fibrinogen (Fg) is cleaved by thrombin to fibrin, forming the basic framework of the provisional matrix in wound healing and acts as center for inflammatory cell, endothelial cell, and fibroblast infiltration (15, 18) . The quantity, timing, and location of provisional matrix deposition can have varied pathological effects. The persistence of fibrin matrices correlates with increased collagen accumulation and skin fibrosis in mice with inactive fibrindegrading tissue plasminogen (16) . In bleomycin-induced pulmonary fibrosis, enhanced fibrin matrix proteolysis reduced fibrosis, although complete abrogation of fibrin in Fg-deficient mice did not confer sufficient protection (32) . Alternatively, fibrin deposition in a cholestatic model of liver fibrosis prevented toxic bile acid leakage and injury progression, whereas Fg depletion increased periportal necrosis and elevated liver injury biochemical markers (43) .
Apart from fibrin matrix formation, Fg binds, through its heparin-binding domain to several growth factors, including transforming growth factor (TGF)-␤ family members (45) . Fg has been shown to have profibrotic tendencies by transporting latent TGF-␤ 1 into the damaged central nervous system (53) . Fg accumulation in skeletal muscle augments TGF-␤ 1 production by resident macrophages, stimulating fibroblasts to deposit ECM, producing fibrosis in Duchenne muscular dystrophy (61) . An association with ICAM-1 promotes mucous hypersecretion in lung epithelial cells, as displayed in chronic airway diseases (37) .
Fg deposition was observed in a number of kidney fibrosis experimental models (19, 24, 29, 44, 62) . In unilateral ureteral obstruction (UUO), Fg knockout (KO) mice had reduced interstitial fibroblast proliferation and collagen deposition, resulting in reduced tubulointerstitial fibrosis (55) .
In the present study, we aimed to better characterize the Fg contribution to kidney fibrosis and test if fibrinogenolysis can provide a therapeutic opportunity. Our results confirmed increased Fg expression by fibrotic kidneys in two distinct mouse models, UUO and folic acid (FA) nephropathy, as well as increased urinary Fg excretion in the initial stages of FA nephropathy. Using in vivo and in vitro approaches, we established that the IL-6/STAT3 signaling pathway could be an important upstream regulator of Fg transcription and translation in kidneys. Genetic and pharmacological Fg depletion in mice reduced kidney fibrosis after FA nephropathy, indicating a causal role of Fg in fibrosis development. Mechanistically, we showed that Fg could participate in the development of fibrosis by triggering TGF-␤ 1 expression, the central mediator in this pathological process, and also by contributing to fibroblast proliferation.
MATERIALS AND METHODS
Animals. Male C57BL/6 mice were used for the UUO procedure, and male BALB/c mice (body weight: 25-29 g) were used for experiments involving FA injection. Breeding pairs of mice with a mutated Fg␣ chain were kindly provided by Dr. Jay L. Degen (Children's Hospital Research Foundation, Cincinnati, OH). Wildtype (WT; Fg ϩ/ϩ ), heterozygous (Fg ϩ/Ϫ ), and KO (Fg Ϫ/Ϫ ) mice were generated through breeding in our animal facility, and age-and weight-matched male littermates were used in our experiments. Additional WT C57BL/6 and BALB/c mice were purchased from Charles River Laboratories (Wilmington, MA). Animals were maintained in the central animal facility in transparent plastic cages containing wood chips free of any known chemical contaminants under conditions of 21 Ϯ 1°C and 50 -80% relative humidity at all times in an alternating 12:12-h light-dark cycle. Commercial rodent chow and water were available to animals ad libitum. All animals were acclimated to this environment for at least 1 wk before use in experiments. Animals were housed at 4 -5 mice/cage, and each mouse was considered separately for data analysis. All animal maintenance and treatment protocols were in compliance with the National Institutes of Health Guide for Care and Use of Laboratory Animals and were approved by the Harvard Medical School Animal Care and Use Committees (Institutional Animal Care and Use Committees).
Animal procedures. UUO in mice was performed under general anesthesia (50 mg/kg ip pentobarbital sodium) by ligation of the left ureter with two separate silk ties, and mice were euthanized after 3, 7, and 14 days. Control mice underwent sham surgery and were euthanized on day 7. Immediately after surgery, mice were injected with 1 ml normal saline subcutaneously (37°C) to replace the fluid lost and help the recovery of body temperature. Pain medication was provided for the first 2 days after surgery [buprenorphine (0.05 mg/kg sc) every 12 h; the first dose was given with the saline injection immediately after surgery and the other three doses were given in 50 l normal saline]. Nephropathy was also induced chemically with a single intraperitoneal injection of 250 mg/kg FA in 0.3 M sodium bicarbonate. Normal mice, with no surgical or pharmacological interventions, were also included in the experiments. Ancrod (National Institute for Biological Standards and Control, Hertfordshire, UK) was delivered using 14-day miniosmotic pumps (Durect, Cupertino, CA). Pumps were loaded with a solution of Ancrod dissolved in normal saline such that they delivered 3 IU/day. Pumps were implanted under general anesthesia through a surgical incision subcutaneously on the back of the animals. After the incision was closed with sutures, a continuous infusion was allowed for 3 days before the FA injection was administered. Control mice received only normal saline vehicle. Mice received two doses of buprenorphine after surgery, with the first delivered immediately in 1 ml normal saline subcutaneously (37°C) and the second delivered 12 h afterward in 50 l normal saline. The loading of the pumps was enough to provide continuous treatment for the first 11 days after FA injection, and animals were euthanized on day 14. Euthanasia was performed under isoflurane anesthesia. Blood and kidney samples were collected, and the thoracic cavity was opened to make sure that the animal was deceased.
Histopathology and histology scoring. Kidneys were fixed in 10% neutral buffered formalin and embedded into paraffin. Periodic acidSchiff or Masson's trichrome stainings were performed on 6-m sections, and slides were evaluated under a light microscope by a renal pathologist (V. Bijol) in a blinded manner. Acute tubular injury was scored as nonexistent (grade 0), minimal (grade 0.5), mild (grade 1), moderate (grade 2), or severe (grade 3). Chronic changes were estimated as percentages of tubulointerstitial scarring, whereas global and segmental glomerulosclerosis were expressed as percentages of the total number of glomeruli per section.
RNA extraction and quantitative real-time RT-PCR.
Total RNA was isolated from flash-frozen tissue using TRIzol (Invitrogen, Grand Island, NY) according to the manufacturer's protocol. RNA concentration was measured using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). RNA (1 g) was reverse transcribed into cDNA using a QuantiTect Reverse Transcription Kit from Qiagen (Valencia, CA). Quantitative RT-PCR was performed using a QuantiFast SYBR Green PCR Kit (Qiagen) on a CFX96 RT-PCR instrument (Bio-Rad Laboratories, Hercules, CA) with the following temperature profile: 3 min of enzyme activation at 95°C followed by 40 cycles of 95°C for 10 s and 55°C for 30 s. The primer pairs used are shown in Table 1 . Gapdh was used as a reference gene for normalization.
Immunoblot analysis and immunoprecipitation. Immunblot analysis was performed as previously described (3). Protein estimation was performed by the Bradford method, and an equal amount of protein was run on a 12% or 15% polyacrylamide gel (PAGE). For nondenaturing gels, samples were loaded without heating and sample buffer without DTT or ␤-mercaptoethanol was used. Immunoprecipation was performed as previously described (3, 4) . Protein (500 g) was used for IP, and 25 g was kept as input, the volume was adjusted to 1 ml for immunoprecipation samples, and 5 g rabbit polyclonal Fg or normal rabbit IgG antibody was added and incubated overnight at 4°C. Western blot analysis was performed with anti-Fg goat polyclonal and anti-TGF-␤1 antibodies. ␣-Tubulin and rabbit IgG chain served as loading controls for input and IP, respectively.
Chromatin immunoprecipation assay. STAT3 chromatin immunoprecipation in snap-frozen kidney tissue was performed as previously described (3) . The Fg promoter-specific primers used for RT-PCR are shown in Table 1 .
Cell lines and cell culture. The rat kidney fibroblast cell line NRK-49F and liver carcinoma cell line Hep G2 were obtained from American Type Culture Collection (Manassas, VA) and maintained in DMEM (Cellgro, Manassas, VA) supplemented with 10% FBS (Invitrogen) at 37°C in a 5% CO2 incubator. Cells were treated with 100 ng/ml IL-6 (R&D Systems) and 200 nM dexamethasone (Sigma) and/or 10 M Stattic (Calbiochem, Philadelphia, PA) and incubated for 24 h. Other cells were transfected with pRC/CMV (EV) or pRC/CMVSTAT3 (kind gift from Dr. David A. Frank, Department of Medical Oncology, Dana Farber Cancer Institute, Boston, MA) as previously described (3) . Six hours posttransfection, cells were washed and further incubated for 18 h. Cells were then harvested and processed for RNA and protein isolation.
MTT assay. A total of 7,500 NRK-49F cells were plated in a 96-well plate for 24 h in DMEM supplemented with 10% FBS. Cells were then serum starved for 24 h and pretreated for 1 h with 0.004 IU/ml Ancrod, 1 M SB-431542, or a combination of both and then treated with 10 ng/ml TGF-␤1 (Peprotech, Rocky Hill, NJ) and/or 1 mg/ml Fg (Sigma) in DMEM without phenol red. After 48 h of incubation, 1 mg/ml MTT (USB, Cleveland, OH) was added and incubated for another 2 h. The medium was aspirated, 100 l isopropanol was added, and absorbance was measured at 595 nm taking 630 nm as a reference using SpectraMax Paradigm (Sunnyvale, CA). Absorbance obtained from untreated cells was taken as 100%. Experiments were performed twice with six replicates each time.
Immunofluorescence. Cells were treated as described above in MTT assay and fixed with 3.7% paraformaldehyde. For F-actin staining, cells were incubated in 10 M phalloidin (Life Technologies, Grand Island, NY) for 30 min at room temperature. For collagen staining, cells were blocked and incubated with collagen 1A1 antibody and FITC-conjugated secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA). Cells were mounted in 4=,6-diamidino-2-phenylindole-containing mounting medium (Vector Laboratories, Burlingame, CA). Images were captured on a Carl Zeiss AxioImager.M2 using AxioVision SE64 software with a ϫ20 objective. Fluorescence intensity was quantified using ImageJ software. Kidneys were fixed for 2 h in 4% paraformaldehyde followed by an overnight incubation in 30% sucrose at 4°C and embedded into OCT compound. Sections (6 m) were blocked for 1 h in 5% donkey serum in PBS and incubated with a mixture of anti-Fg and Cy3-labeled anti-␣-SMA (Sigma-Aldrich) in 5% donkey serum and PBS overnight at 4°C. Donkey anti-rabbit FITC-labeled secondary antibody (Jackson ImmunoResearch Laboratories) was used to detect the anti-Fg primary antibody. 4=,6-Diamidino-2-phenylindole-containing mounting medium (Sigma-Aldrich) was used for nuclear staining. Images were captured by a Nikon DS-QiMc camera attached to a Nikon Eclipse 90i fluorescence microscope using a ϫ60 oil-immersion objective (1.4 numerical aperture) and Nikon NIS Elements AR (version 3.2) software.
Luciferase assay. NRK49-F cells were serum starved for 24 h and cotransfected with pGL3-Basic-FGG (Fg␥) and pRL-GAPDH plasmid constructs as previously described (3). Six hours posttransfection, cells were washed, treated with 100 ng/ml IL-6 and 200 nM dexamethasone, and further incubated for 24 h. For Stat3 transfection, cells were either transfected with pRC/CMV or pRC/CMVSTAT3. Six hours posttransfection, cells were washed and further incubated for 18 h. Cells were cotransfected with pGL3-Basic-FGG and pRLGapdh plasmid constructs and harvested after 24 h of incubation. For knockdown experiments, HepG2 cells were either transfected with control small interfering (si)RNA or Stat3 siRNA using Dharmafect 2, incubated for 6 h, washed, and further incubated for 48 h. Cells were then cotransfected with pGL3-Basic-FGG and pRL-Gapdh plasmids and harvested after 24 h of incubation. Luminescence was measured using the Dual-Glo Luciferase Assay System (Promega, Madison, WI) on a Veritas luminometer (Turner Biosystems, Sunnyvale, CA). Fg␥ luciferase activity was normalized to the respective Gapdh luciferase activity.
Plasma biochemistry analysis. For FA nephropathy progression experiments ( Fig. 2 ), blood levels of urea nitrogen (BUN) and creatinine were measured on a VetScan VS2 machine using Critical Care Plus rotors (Abaxis, Union City, CA). For experiments testing genetic and pharmacological fibrinogenolysis effects on FA nephropathy (Figs. 5 and 6), BUN was measured using an InfinityUrea kit (Thermo Fisher Scientific) and serum creatinine was measured using Creatinine Analyzer II (Beckman Coulter).
Urine analysis. Levels of urinary Fg were measured using speciesspecific Luminex assay kits from Millipore (Billerica, MA). These assays do not distinguish between intact Fg molecules, Fg chains, fibrin, or fibrin degradation products. Urinary creatinine levels, measured using the Creatinine Assay Kit (Cayman, Ann Arbor, MI) according to the manufacturers' protocols, were used for normalization.
Statistical analyses. Results are reported as means Ϯ SE for each group. Statistical analyses (Student's t-test for comparison of two groups or one-way ANOVA for comparison of three or more groups) were performed using GraphPad Prism5 (GraphPad Software, La Jolla, CA). Results were considered statistically significant if P Ͻ 0.05.
RESULTS

Fg expression markedly increases in kidney fibrosis mouse models.
After murine UUO, a well-established kidney fibrosis model (10) , interstitial collagen deposition progressively increased on days 3, 7, and 14 (blue Masson's trichrome staining of kidney sections; Fig. 1A) . Histologically, Ͼ75% of the section area showed fibrosis in UUO kidneys on day 14 with contralateral kidneys unaffected. Kidney mRNA and protein expression of established fibrosis markers (␣-SMA, fibronectin, and collagen 1A1) were greatly increased in UUO compared with sham kidneys (Fig. 1, B and C) . Contralateral kidneys showed much smaller increases only for fibronectin. As previously reported (1), gene and protein expression of Kim-1, a marker commonly associated with acute kidney injury (AKI), were also increased after UUO. A strong induction of Fg mRNA (Fig. 1D ) and protein expression (Fig. 1E ) of all three chains could be detected in UUO kidneys. Fg␤ and Fg␥ mRNA levels increased up to ϳ100-fold over sham in UUO kidneys with a modest increase in contralateral kidneys (5-fold) as early as day 3 (Fig. 1D) . To investigate if in fibrotic kidneys Fg is expressed in myofibroblasts, the interstitial cells most commonly associated with fibrosis development (23), we performed coimmunostaining of Fg with the myofibroblast marker ␣-SMA (Fig. 1F ). There was increased Fg staining in UUO kidneys compared with contralateral kidneys 7 days after surgery. In UUO kidneys, the interstitial areas that showed more intense ␣-SMA staining, indicative of the presence of myofibroblasts, also stained for Fg, indicating a close spatial relation of the two and a possible mechanistic connection between Fg and fibroblasts that we investigated further in vitro. The interstitial presence of Fg in the kidney confirms previous results from our group (34, 38) and other groups (55) .
We have previously reported that urinary Fg excretion is increased in AKI animal models (34, 38) . Since urine produced by the fibrotic kidney cannot be collected after UUO, urinary Fg excretion could not be tested. For this, we used a second kidney fibrosis mouse model induced by FA, which injures both kidneys but still allows them to produce urine (20) . After a single FA intraperitoneal injection (250 mg/kg), mouse kidney damage progresses from AKI to fibrosis in 2 wk (64) . We performed a detailed progression time course with samples collected from normal mice and samples collected on days 1, 2, 3, 7, and 14 after FA injection. Histological analysis ( Fig. 2A) confirmed AKI on days 1-3 and tubulointerstitial fibrosis on day 14 (affecting 30% of the section area on average on day 14). These two stages were also reflected in levels of estab- Fig. 2 . Evaluation of kidney fibrosis after folic acid (FA) injection. A: representative photomicrographs of Periodic acid-Schiff (PAS)-and MTS-stained slides indicating the progression from mild tubular injury on days 1-3 after FA injection to mild interstitial fibrosis on day 14. In this model of injury, tubulointerstitial damage is most prominent in the superficial renal cortex. Acute tubular injury is characterized by a low epithelial lining, distension of the tubular lumens, degenerative changes of epithelial cells (including vacuolization and single cell necrosis), and the presence of necrotic debris in tubular lumens. The initial injury at 1 day post-FA injection is manifested by mild tubular distension and a low epithelial lining in some tubules; some tubules reveal mild vacuolization of their cytoplasm. At 2 days, the injury is more obvious, and some tubules also reveal cell death and accumulation of cellular debris in tubular lumens. At 3 days, there is more prominent acute epithelial cell injury, with single cell necrosis, focal sloughing of the epithelium, and necrotic debris filling the lumens of some tubules. Regenerative changes can be seen in some of the tubules, including nuclear enlargement and increased mitotic activity. The cytoplasm is scant in some tubules, and they appear simplified; many proximal tubules do not contain brush borders. At 7 days, this simplification becomes more obvious; many tubules are still dilated and contain cellular debris but are lined with a low epithelial lining. Other tubules are small and simplified, with small cells and scant cytoplasm; the interstitium shows early collagen deposition in a few places. At 14 days, residual mild acute tubular injury is seen in some places, but mild parenchymal scarring is noted in several instances, with increased interstitial fibrosis, associated with tubular atrophy, mild nonspecific inflammation, and focal global and segmental glomerulosclerosis (affecting 2.5% of the glomeruli on average). Scale bars ϭ 50 m for PAS-stained images and 100 m for MTS-stained images. B and C: determination of mRNA (B) and protein (C) expression of ␣SMA, Fn1, Col1A1, and Kim-1 in kidneys from FA-injected mice. Quantitative PCR data were normalized to GAPDH. Data are presented as means Ϯ SE of fold changes from normal (N) mice; n ϭ 8 -10 mice/group. *P Ͻ 0.05 compared with normal mice. D: blood urea nitrogen (BUN) and serum creatinine (SCr) levels were increased early after FA injection but returned toward normal as animals progressed to kidney fibrosis. Data are presented as means Ϯ SE of the group; n ϭ 8 -10 mice/group. *P Ͻ 0.05 compared with normal mice. E and F: determination of kidney mRNA (E) and protein (F) expression levels of Fg ␣-, ␤-, and ␥-chains after FA injection in mice. Data were normalized to GAPDH. Data are presented as means Ϯ SE of fold changes from normal mice; n ϭ 8 -10 mice/group. *P Ͻ 0.05 compared with normal mice. G: urinary excretion of Fg was significantly increased in FA-induced nephropathy in mice. n ϭ 5 mice/group. *P Ͻ 0.05 compared with normal mice. lished markers. mRNA and protein expression of ␣-SMA, fibronectin, and collagen 1A1 increased toward days 7 and 14 as kidneys become fibrotic (Fig. 2, B and C) . Contrary to the UUO model, Kim-1 expression was high in the AKI stage after FA but continuously decreased toward normal by day 14, when kidneys were fibrotic. Plasma levels of classic kidney function markers (BUN and creatinine) were also increased acutely after FA administration (Fig. 2D ) but decreased toward normal on days 7 and 14, indicating sufficient remaining functional capacity. Kidney Fg gene expression was significantly elevated over normal, particularly in the AKI phase of the FA model (Fig. 2E) . As for UUO, Fg␤ and Fg␥ chains registered the biggest increase, with peaks close to 500-and 800-fold on day 1, respectively. The increased protein matched the mRNA, with peak levels for all chains reached in the first 3 days and only Fg␥ residual increased day 7 expression (Fig. 2F) . Urinary Fg excretion in FA nephropathy increased 20-fold on day 1 but returned toward normal by day 14 (Fig. 2G) .
STAT3 binds to Fg promoters in vitro and in vivo to regulate transcription.
The Fg genes are clustered within a 65-kb region on human chromosome 4 (4q23-4q32) (27, 36) . Fg␣ and Fg␥ chains reside on opposite DNA strands from Fg␤ and are transcribed in the reverse direction. All three chains promoters contain known IL-6-responsive elements (CAAT-enhancing binding element and CTGGGAA motifs) (9) . Therefore, we hypothesized that, as for liver Fg expression, IL-6 mediates STAT3 activation followed by translocation to the nucleus and binding to Fg promoters, leading to transcription (Fig. 3A) . IL-6 protein expression was upregulated in 7-and 14-day UUO kidneys compared with contralateral kidneys (Fig. 3B) . Increased STAT3 phosphorylation was also recorded for UUO kidneys. After FA, IL-6 and pSTAT3 were also increased up to day 7 postinjection (Fig. 3C) . For both models, increased expression of these proteins was generally detected at time points when increased kidney Fg expression was also seen, as shown in Figs. 1 and 2 . To more directly test if the IL-6/STAT3 pathway controls kidney Fg expression, we performed in vitro experiments using rat kidney fibroblasts (NRK-49F cells). In these cells, IL-6 and dexamethasone treatment [primary mediators of Fg expression in the liver and other tissues (50)] or STAT3 transfection resulted in significantly increased Fg␣, Fg␤, and Fg␥ mRNA (Fig. 3D) and protein expression (Fig. 3E) . A hepatocellular carcinoma cell line (HepG2 cells) served as a positive control. Furthermore, specific STAT3 inhibition by Stattic resulted in decreased Fg expression (Fig. 3E) . Increased mRNA expression by IL-6 ϩ dexamethasone treatment or STAT3 transfection in NRK-49F cells was further confirmed by the Fg␥ luciferase assay (Fig. 3F) . Additionally, constitutive HepG2 Fg␥ expression was inhibited by siRNA-mediated STAT3 knockdown.
For in vivo testing of this mechanism, we performed kidney lysate chromatin immunoprecipation analysis, and significantly higher STAT3 binding to Fg promoters was detected both after UUO and FA injection (Fig. 3G , with RNA polymerase and IgG as positive and negative controls, respectively). Binding coincided temporally with increased mRNA expression, as previously reported for both models (Figs. 1 and 2 ). Taken together, the results shown in Fig. 3 indicate the involvement of IL-6-driven STAT3 activation in kidney Fg chain expression after injury.
Fg induces fibroblast proliferation synergistically with TGF-␤ 1 but not activation. Fg physically interacts with TGF-␤ 1 (45) , and this could be important for latent TGF-␤ 1 activation (53). In our in vitro system, Fg immunoprecipation showed binding to TGF-␤ 1 in cells treated with Fg alone but even more in those with combined Fg and TGF-␤ 1 (Fig. 4A) . Actually, as shown in input columns, Fg is a potent inducer of TGF-␤ 1 expression in fibroblasts. Fibroblasts showed increased proliferation when treated with Fg alone, and, while TGF-␤ 1 had a stronger effect, they acted synergistically in combination, with an even higher increase (Fig. 4B) . While Ancrod-induced fibrinogenolysis did not affect Fg-only treatment, specific TGF-␤ 1 inhibition was very effective in reduc- ing proliferation. In combined treatment, both inhibitors reduced proliferation, with a more pronounced effect for specific TGF-␤ 1 inhibition again. By immunofluorescence, markers of fibroblast activation (collagen 1A1 and F-actin) showed significantly increased expression only for TGF-␤ 1 (Fig. 4C) , suggesting that the main effect of Fg is on fibroblast proliferation as opposed to activation.
Genetic Fg depletion protects mice from kidney fibrosis. Considering the increased Fg expression in kidney fibrosis mouse models and the functional correlation between Fg and TGF-␤ 1 , we hypothesized that Fg could serve as a therapeutic target to reduce fibrosis. To test interventions aimed at reducing Fg levels, we first used mice that constitutively express less Fg [disrupted Fg␣ chain results in no fully assembled functional Fg hexamer and eventually Fg␤ and Fg␥ are also degraded (57) ]. We tested the development of kidney fibrosis in these mice after FA injection. On day 1, there was no indication that a reduction or complete absence of Fg in heterozygous and KO mice, respectively (confirmed by native gel immunoblot; Fig. 5A ), protects from AKI in this model. All three genotypes had histologically similar mild acute tubular injury and also similar increases in BUN and serum creatinine (Fig. 5B) . As expected, kidneys expressed high mRNA levels for all three Fg chains compared with normal mice except for No significant differences on day 1 were recorded for the three genetic groups in Fg␤, Fg␥, or Kim-1. Quantitative PCR data were normalized to GAPDH. Data are presented as means Ϯ SE of fold changes from normal mice; n ϭ 3-4 mice/group. *P Ͻ 0.05 compared with WT mice. D: representative immunoblots and quantification of kidney protein expression of Fg ␣-, ␤-, and ␥-chains on day 1 after FA injection indicating no significant changes other than a reduction in the ␣-chain in KO mice. Data were normalized to GAPDH and are shown as means Ϯ SE of fold changes from WT mice; n ϭ 3-4 mice/group. *P Ͻ 0.05 compared with WT mice. E: mice with genetic disruption of the Fg␣ gene had reduced plasma Fg levels on day 14 after FA injection as shown by nondenaturing gel Western blot analysis. Plasma albumin was used as a loading control. F: representative pictures of MTS-stained slides and estimation of the tissue area presenting interstitial fibrosis and tubular atrophy (IFTA) indicating significant protection in Fg Het mice 14 days after FA injection. Data are presented as means Ϯ SE; n ϭ 4 mice/group. *P Ͻ 0.05 compared with WT mice. Plasma biochemical parameters (BUN and SCr) had reduced levels at this time point regardless of genotype. n ϭ 5-6 mice/group. The dashed line represents the mean of values in normal mice. G: kidney mRNA expression of fibrosis markers ␣-SMA, Fn1, Col1A1 showing no significant differences on day 14 for the three Fg genetic groups. Quantitative PCR data were normalized to GAPDH. Data are presented as means Ϯ SE of fold changes from normal mice; n ϭ 5-6 mice/group. H: representative immunoblots and quantification of the protein expression of fibrosis markers in the kidney indicating no significant changes between Fg genotypes on day 14 after FA injection. Data were normalized to GAPDH and are shown as means Ϯ SE of fold changes from WT mice; n ϭ 4 mice/group. Fg␣ in KO mice (with both alleles of this chain disrupted; Fig.  5C ). Kidney protein expression showed similar trends (Fig.  5D) . By 14 days, heterozygous mice with reduced but not completely abolished Fg expression (shown by native gel immunoblot; Fig. 5E ) were significantly protected from the development of kidney fibrosis. By quantification of kidney Masson's trichrome staining, Fg heterozygous mice had, on average, 3% of the section area affected compared with 24% in Fig. 6 . Pharmacological Fg depletion protects mice from FA-induced kidney fibrosis. The vertical dashed line separates results on day 1 after FA injection (acute kidney injury phase) from those on day 14 (kidney fibrosis phase). A: nondenaturing gel Western blot analysis showing reduced plasma Fg levels on day 1 after FA injection in mice that received a continuous peritoneal infusion of fibrinogenolytic Ancrod delivered by Alzet pumps (at a 3 U/day rate started 3 days before FA injection) compared with those that received saline vehicle. Plasma albumin was used as a loading control. B: histological (representative images of H&E-stained slides and ATI score) and biochemical (BUN and SCr) evaluation of acute injury revealing that kidneys were similarly affected 1 day after FA injection in mice that received fibrinogenolytic treatment (Ancrod) or vehicle (saline). Data are presented as means Ϯ SE; n ϭ 5 mice/group. The dashed line represents the mean of values in normal mice. C and D: kidney mRNA (C) and protein (D) expression (selected immunoblots and quantification) of Fg␣, Fg␤, Fg␥, or Kim-1 were not significantly affected by the treatment. Quantitative PCR data were normalized to GAPDH. Data are presented as means Ϯ SE of fold changes from normal mice. Western blot data were normalized to GAPDH and are shown as means Ϯ SE of fold change from saline treatment; n ϭ 5 mice/group. E: by day 14 after FA injection, plasma Fg levels were low and similar for mice that received a continuous peritoneal infusion of Ancrod or saline vehicle, as shown by nondenaturing gel Western blot analysis. The Alzet pumps ensured delivery of the drug up to day 11 after FA injection. Plasma albumin was used as a loading control. F: Ancrod treatment conferred significant protection from FA-induced kidney fibrosis after 14 days, as indicated by MTS (representative images shown and overall estimation of tissue area presenting interstitial fibrosis and tubular atrophy graphed). Plasma biochemical parameters (BUN and SCr) had reduced levels at this time point regardless of treatment. Data are presented as means Ϯ SE; n ϭ 5-6 mice/group. *P Ͻ 0.05 compared with saline treatment. The dashed line represents the mean of values in normal mice. G and H: Ancrod treatment resulted in reductions in kidney mRNA (G) and protein expression (H) of the fibrosis markers ␣-SMA, Fn1, and Col1A1. Quantitative PCR data were normalized to GAPDH. Data are presented as means Ϯ SE of fold changes from normal mice. Western blot data were normalized to GAPDH and are shown as means Ϯ SE of fold changes from saline treatment; n ϭ 5-6 mice/group. *P Ͻ 0.05 compared with saline treatment.
WT mice, whereas KO mice had 14% (Fig. 5F ). BUN and serum creatinine levels returned toward normal by this time point. The improved pathological picture was not matched by fibrosis markers kidney mRNA and protein levels, which showed similar levels for all Fg genotypes (Fig. 5, G and H) .
Pharmacological fibrinogenolysis through Ancrod protects from kidney fibrosis. We then tested a fibrinogenolytic pharmaceutical intervention, Ancrod administration, in the context of FA-induced fibrosis. The treatment (continuous subcutaneous Ancrod infusion in normal saline, 3 IU/day, delivered by miniosmotic pumps) started 3 days before FA injection and successfully reduced circulating Fg levels 1 day after FA (Fig. 6A) . Treatment was administered until day 11, and, 3 days after its interruption (day 14), mice reverted to circulating Fg levels similar to saline-treated control mice. As for genetic depletion, pharmacological Fg reduction did not significantly alter the extent of AKI as indicated by histopathological analysis and BUN and serum creatinine levels on day 1 (Fig. 6B) . Although it did not affect kidney Fg chain mRNA expression (Fig. 6C) , the treatment reduced protein levels of Fg␣ in half at this time point (Fig. 6D) . By day 14, mice that received Ancrod developed significantly less kidney fibrosis. As evidenced by Masson's trichrome staining, the fibrotic area was more than threefold smaller in mice that received treatment (9% vs. 28% in saline-treated control mice; Fig. 6F ). Expression of fibrosis markers matched the pathological picture, with significant reductions in fibronectin (5-fold) and collagen 1A1 (9-fold) mRNA expression in Ancrod-treated animals (Fig. 6G) . Kidney ␣-SMA and collagen 1A1 protein levels were also significantly reduced in this group (Fig. 6H) .
Fg depletion reduces TGF-␤ 1 signaling pathway activation in vivo. Since we established Fg/TGF-␤ 1 interactions in vitro (Fig. 4) , we next tested if the protective effects of reduced Fg levels in vivo could result from a dampened TGF-␤ 1 signaling pathway. Genetic Fg depletion in KO mice resulted in a pronounced reduction of TGF-␤ 1 and signaling through pS-MAD2 in kidneys both in acute injury on day 1 and established fibrosis on day 14 (Fig. 7A) . The reduction of Fg levels in heterozygous mice decreased TGF-␤ 1 and pSMAD2 levels, but not as significantly. pERK, an alternative signaling molecule activated by TGF-␤ 1 (41), was not as affected by Fg levels on day 1. By day 14, decreased Fg resulted in slight pERK increases. Ancrod treatment did not result in acute TGF-␤ 1 and pSMAD2 changes but showed significant pERK increases on day 1 (Fig. 7B) . By day 14, however, animals that received Ancrod had significantly lower pSMAD2 (almost 4-fold lower than saline) and pERK (more than 2-fold lower). Taken together, these results indicate that TGF-␤ 1 /pSMAD2 signaling is responsible at least partially for the beneficial effects of reductions in Fg levels on the development of kidney fibrosis. Western blot data were normalized to levels measured for GAPDH and are presented as means Ϯ SE of fold changes from WT mice; n ϭ 3-4 mice/group. *P Ͻ 0.05 compared with WT mice. B: significant downregulation of the TGF-␤1 signaling pathway in Ancrod-treated mice by day 14 after FA injection. Western blot data were normalized to levels measured for GAPDH and are presented as means Ϯ SE of fold changes from saline treatment; n ϭ 5-6 mice/group. *P Ͻ 0.05 compared with saline treatment.
DISCUSSION
Renal fibrosis is the outcome of concerted actions of various cellular signaling pathways controlling myofibroblasts proliferation, activation, and ECM component deposition (23) . Building on previous reports showing fibrin(ogen) deposition in a range of clinical and experimental fibrotic kidney disorders (11, 19, 49) , our work suggests the following model for its involvement in fibrosis development (Fig. 8) : injury of kidney tissue triggers IL-6-driven activation of STAT3 followed by binding of this transcription factor to Fg chain promoters, Fg upregulation triggers fibroblast TGF-␤ 1 expression and proliferation, TGF-␤ 1 signaling pathway activation increases ECM deposition and fibrosis, and fibrinogenolysis can prevent fibrosis by diminishing both fibroblast proliferation and TGF-␤ 1 signaling. This study sheds more light on the major role of Fg in kidney fibrosis pathophysiology and, by repurposing a drug that efficiently reduces its levels, indicates the clinical potential for interventions to reduce fibrosis development.
Animal models of kidney injury seem to indicate that kidney Fg expression and urinary excretion are more a reflection of acute injury and would not perform well as fibrosis biomarkers. While our previous studies (34, 38) showed this after rodent ischemia-reperfusion injury and cisplatin-induced nephrotoxicity, the data presented here show that after murine FA nephropathy, kidney Fg expression and urinary excretion are high early, when AKI is present, but not at 14 days, when tubulointerstitial fibrosis develops. Urinary levels reflecting the injured kidney cannot be measured after UUO, but kidney expression of Fg was increased throughout time points in fibrosis development. While primarily used as a tubulointerstitial fibrosis model, a previous report (25) has indicated persistent acute tubular injury after UUO. Kidney expression for another established AKI marker, Kim-1, was similarly increased only acutely after FA nephropathy and throughout time points after UUO. Taken together, these results strengthen kidney Fg expression and urinary secretion as markers of acute tubular injury. Detection in CKD patients would most probably indicate superimposed AKI, with the former condition being a significant risk factor for the development of the latter (35, 59) .
Previous reports (29, 55) have indicated plasma and kidney Fg upregulation after UUO. Contrary to suggestions that Fg increases after injury merely reflect extravasation of hepatic sourced protein (17), we show here that kidney mRNA expression of all Fg chains is upregulated after UUO and FA nephropathy. Our previous studies (34, 38) showed this to be true for other AKI models induced by ischemia-reperfusion and cisplatin. We wanted to find a mechanism for this increased kidney expression. IL-6 is the main mediator of liver acute-phase Fg expression (60) . Promoters of all three Fg genes contain IL-6-responsive elements (27) , and the results of our study indicate that STAT3 binds to them in vivo in mouse kidney fibrosis models. In vitro studies have more directly suggested that this binding results in gene expression and that, with the use of a STAT3 inhibitor (Stattic), this expression could be blocked in kidney fibroblasts. This suggests STAT3 inhibition as a possible option to reduce fibrosis, decreasing the induction of genes responsive to inflammatory signals, as previously observed (51) . As previously discussed for Fg and Kim-1 expression, the profile of increased IL-6 and pSTAT3 expression matches the presence of AKI, indicating that perhaps such treatment would be most effective when acute injury and fibrosis development coexist. Measuring urinary Fg could be the biomarker for detecting such situations. The fact that AKI leads to CKD is drawing increasing attention (12, 13, 30) , and the reduction in Fg expression seems to provide preventive opportunities. Our results indicate that a mechanism for Fg involvement in kidney fibrosis is increased TGF-␤ 1 expression, the central fibrosis mediator (26) . While previously suggested in fibrotic disease by increased TGF-␤ 1 production by Fg-stimulated macrophages isolated from a Duchenne muscular dystrophy mouse model (61), our study has explored the role of Fg on TGF-␤ 1 production in the kidney for the first time. While we tested this in vitro using kidney fibroblasts [the main precursors of myofibroblasts, which are responsible for disregulated ECM production characteristic of fibrosis (26)], all kidney cells can secrete this cytokine (48) . Fg depletion, particularly through genetic manipulation, resulted in a global kidney TGF-␤ 1 reduction from day 1 after FA injury (Fig. 7A) . It has been recently shown that TGF-␤ 1 directly injures tubular epithelial cells (28) , and the protection after Fg depletion could partially be attributed to this mechanism. Although histological and functional analyses did not reveal differences between groups on day 1, it is possible that this becomes apparent subsequently, as AKI peaks on day 2 and persists through day 3 after FA injection. Additionally, Fg synergized with TGF-␤ 1 in inducing kidney fibroblast proliferation in vitro. As previously reported (55), Fg did not induce fibroblast activation, but this is probably achieved indirectly through increased TGF-␤ 1 expression. It was shown that Fg directly interacts with many growth factors, including TGF-␤ 1 (45) , and we detected this in vitro by IP. TGF-␤ 1 signaling inhibition has been the main focus of antifibrotic therapy testing, but global inhibition adversely affects immunnity and tumor suppression (7, 26) . Targeting Fg as a TGF-␤ 1 inducer in kidney injury could specifically inhibit the pathway only in organs developing fibrosis.
While many preclinical and clinical trials have been performed, there are currently no effective fibrosis treatments for any organ, including the kidney (26) . The coagulation and fibrinolytic systems have also been recognized as important, and, particularly, reductions in plasminogen activator inhibitor-I (52) or thrombin-activated fibrinolysis inhibitor (8) have shown promise. Our study and a previous report (44) on protection from kidney UUO fibrosis in genetically depleted mice have indicated an important role for Fg potentially independent of fibrin formation.
Snake venoms contain many enzymes with fibrin(ogen)olytic acitivty (58) . One such protease, Ancrod, derived from Malayan pit viper venom, cleaves Fg␣ and rapidly decreases plasma Fg levels (22) . It effectively limited infarct size in acute stroke animal models (21) , and two of three randomized controlled clinical trials involving acute stroke patients showed positive results (8a, 54). While lack of beneficial effect, increased mortality, and symptomatic intracranial hemorrhage in one study (33) completely stopped drug production, post hoc analysis suggested that more carefully supervising dosing regimens and patient stratification could have achieved efficacy and reduced hemorrhagic events (40) . Higher dose treatments (4 -5 IU·kg Ϫ1 ·h Ϫ1 ) effectively reduce murine Fg levels and were protective in axonal injury models (5, 6) . In the present study, we used this regimen in the FA nephropathy mouse model and found it safe (no mortality), efficient (reducing both plasma Fg and kidney levels for its direct target, Fg␣), and beneficial (significantly reducing TGF-␤ 1 signaling, kidney ECM component deposition, and histologically detectable kidney tubulointerstitial fibrosis). While provided in a preventive manner, the treatment achieved its proof-of-principle goal of identifying Fg as a pharmacologically targetable molecule for potential new fibrosis treatments. Due to limited drug availability, followup experiments with administration in already established kidney fibrosis could not be performed. At the moment, there are no other fibrinogenolytic drugs commercially available.
The fibrosis-driven gradual renal excretory function degradation seen in CKD represents a major public health problem, both in the United States and globally, affecting 10 -16% of adults (14, 39, 46) . While some estimates have indicated that the lifetime risk of developing CKD will balloon to Ͼ50% (31), even at current levels CKD has high socioeconomic impact, with 27.6% of total Medicare costs being used to treat it (third only to diabetes and heart failure) (56) . Generally, kidney fibrosis is considered untreatable at the moment. Our results identified kidney Fg as a key fibrosis development regulator, providing information on upstream events leading to its local expression (IL-6/STAT3 signaling) and downstream consequences (TGF-␤ 1 synthesis, signaling, and fibroblast proliferation) and, importantly, showing that fibrinogenolytics like Ancrod can reduce the extent of fibrosis, at least in a preventive manner. In conclusion, we indicated the mechanistic involvement of Fg in kidney fibrosis and showed its potential as a therapeutic target.
